In plant Mesembryanthemum crystallinum, which has the inducible crassulacean acid metabolism (CAM), isoforms of plastidic phosphate translocators (pPTs) are categorized into three subfamilies: the triose phosphate/ phosphate translocator (McTPT1), the phosphoenolpyruvate/phosphate translocator (McPPT1), and the glucose 6-phosphate/phosphate translocator (McGPT1 and McGPT2). In order to elucidate the physiological roles of these pPTs in M. crystallinum, we determined the substrate specificity of each pPT isoform. The substrate specificities of McTPT1, McPPT1, and McGPT1 showed overall similarities to those of orthologs that have been characterized. In contrast, for glucose 6-phosphate, McGPT2 showed higher selectivity than McGPT1 and other GPT orthologs. Because the expression of McGTP2 is specific to CAM while that of McGTP1 is constitutively expressed in both the C 3 -and the CAMstate in M. crystallinum, we propose that McGPT2 functions as a CAM system-specific GPT in this plant.
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Crassulacean acid metabolism (CAM) is a photosynthetic adaptation to arid environments. 1, 2) Mesembryanthemum crystallinum is a facultative CAM plant in which CAM is induced by environmental stresses including water deficit and high salinity. M. crystallinum is a malic enzyme starch-storing CAM plant that utilizes malic enzymes for decarboxylation. The resulting CO 2 is converted to the storage carbohydrate starch. 3) During the transition from C 3 photosynthesis to CAM in M. crystallinum, the activities of the enzymes and transporters involved in the CAM pathways are induced in the leaf tissues. [3] [4] [5] The major photosynthetic product exported during CAM induction from the chloroplasts in the dark period is changed from maltose to glucose 6-phosphate (G6-P). 6) Additionally, it has been reported that the G6-P import activity of chloroplasts isolated from M. crystallinum dramatically increases during CAM induction. 7) G6-P, which is produced by gluconeogenesis in the cytosol from 3-phosphoglycerate (3-PGA), is utilized in the chloroplasts for CAMinduced starch production. 8) Plastidic phosphate translocators (pPTs) serve as carriers of phosphorylated compounds in the chloroplasts of M. crystallinum during the CAM period. 3, 8) The pPTs contribute to a diverse array of carbon metabolic pathways through one-to-one exchange of phosphates and various phosphorylated organic compounds across the plastid inner membrane. 9, 10) pPTs are categorized by preferred substrate into four subfamilies: triose phosphate/phosphate translocators (TPTs); phosphoenolpyruvate (PEP)/phosphate translocators (PPTs); G6-P/phosphate translocators (GPTs); and xylulosephosphate/phosphate translocators. In M. crystallinum, four pPT isoforms, McTPT1, McPPT1, McGPT1, and McGPT2, have been identified. 8, 11) The McTPT1 transcript accumulates at high levels in the leaf tissues of both C 3 -and CAM-M. crystallinum. In contrast, the transcripts of McPPT1, McGPT1, and McGPT2 are relatively low or absent in C 3 leaves, but are significantly higher in relative steady-state transcript abundance after CAM induction. Based on amino acid sequence similarity to previously characterized orthologs, it has been proposed that McPPT1 contributes to CAM-induced PEP export, and that McGPT1 and McGPT2 function both to export G6-P from the chloroplast as CO 2 acceptor and to import G6-P into the chloroplast for starch synthesis. 8, 11) However, there * These authors contributed equally to this work.
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In order to clarify the substrate specificities and possible physiological roles of pPTs in M. crystallinum, we utilized a wheat germ cell-free translation system to produce proteins for biochemical characterization. Cellfree systems have several advantages for the production of membrane proteins as compared to cell-based systems. For example, cell-free systems make possible the production of proteins that would interfere with the growth of host cells in cell-based systems. In addition, cell-free systems can easily be modified by the addition of accessory elements, including cofactors, chaperones, lipids, and detergents. We have reported the synthesis of functional Arabidopsis and rice PPTs with a liposomesupplemented wheat cell-free synthesis system. 12) The in vitro system is especially useful for the characterization of transporter proteins in species to which genetics does not apply. Moreover, the system is a favorable tool for comparative analysis of proteins that show gene redundancy.
12) Here, we describe the synthesis and a functional analysis of the aforementioned pPTs, and discuss the phylogenetic relationships among pPTs and their preferred substrates. 
Materials and Methods
0 ) respectively. The PCR fragments were digested with SpeI and SalI and then cloned into the corresponding sites in the pEU3b vector (Cellfree Sciences, Matsuyama, Japan). The resulting plasmids were designated pEU3b-McTPT1, pEU3b-McPPT1, pEU3b-McGPT1, and pEU3b-McGPT2 respectively. All the constructs were sequence verified.
Cell-free protein synthesis. The transcription of messenger RNA and wheat germ cell-free translation in the bilayer mode were accomplished as previously described. 12) Briefly, mRNAs transcribed from pEU3b-McTPT1, pEU3b-McPPT1, pEU3b-McGPT1, and pEU3b-McGPT2 were added to a 25-mL translation layer overlaid with a 125-mL substrate layer. To each layer of translation reaction acetone-washed asolectin (Fluka, Buchs, Switzerland) was added to a final concentration of 10 mg/mL. The yield of synthesized protein was estimated as previously reported. 12) Briefly, proteins were synthesized in the presence of 100 mCi/mL [ 14 C] Leu (PerkinElmer, Yokohama, Japan), proteins were precipitated with 10% trichloric acid, and the extent of [
14 C] Leu incorporation into the synthesized proteins was quantified by liquid scintillation spectroscopy.
Accudenz density gradient ultracentrifugation. Accudenz (Accurate Chemical and Scientific, Westbury, NY) was dissolved in density gradient ultracentrifugation solution (30 mM HEPES-KOH pH 7.8, 100 mM potassium acetate, 2.7 mM magnesium acetate) at concentrations of 30, 35, and 80% (w/v). The translation mixture (150 mL) was mixed with 150 mL of density-gradient ultracentrifugation solution and 300 mL of 80% Accudenz solution. The resulting 40% Accudenz solution, containing synthesized protein, was placed in the bottom of a centrifuge tube and overlaid with 650 mL of 35% Accudenz solution, 650 mL of 30% Accudenz solution, and 100 mL of density-gradient ultracentrifugation solution. The gradient was centrifuged at 206;000 g for 1 h at 4 C in a Hitachi S55S rotor (Hitachi High Technology, Tokyo). Fractions were then collected from the top of the tube and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and autoradiography.
Reconstitution of the synthesized proteins into liposomes and measurement of transport activity. The translation mixture for each synthesized pPT was first buffer exchanged by gel filtration with a Micro-Spin G-25 column (GE Healthcare, Tokyo, Japan) pre-equilibrated with 10 mM Tricine-KOH (pH 7.6). Substrate-preloaded liposomes (final concentration 80 mg/mL) were prepared from acetonewashed asolectin by ultrasonication for 5 min on ice in a solution containing 200 mM Tricine-KOH (pH 7.6), 40 mM potassium gluconate, and 60 mM of the appropriate counter-substrate (phosphate, dihydroxyacetone phosphate (DHAP), 3-PGA, PEP, or G6-P). The desalted translation mixture was mixed with an equal volume of substrate-preloaded liposomes, frozen in liquid nitrogen, thawed at room temperature, and subjected to ultrasonication for 18 s (50% duty cycle). The substrate that remained outside of the resulting proteoliposomes was removed with a Dowex AG-1X8 column (Bio-Rad, Tokyo) pre-equilibrated with 10 mM Tricine-KOH (pH 7.6), 40 mM potassium gluconate, and 100 mM sodium gluconate. The proteoliposomes were applied to the column and eluted with the equilibration solution. Transport reactions were initiated by the addition of 13 mL of [ 32 P] orthophosphate (PerkinElmer) to 300 mL of proteoliposomes (final substrate concentrations, 0.5 mM outside and 30 mM inside). The assay was performed at 25 C, and the reaction was terminated after 60 s by the addition of 45 mL of stop solution (360 mM pyridoxal 5 0 -phosphate and 64 mM mersalyl acid). The proteoliposomes were passed through a Dowex AG-1X8 pre-equilibrated with 200 mM sodium acetate to remove non-translocated radioactive [
32 P] orthophosphate, and the resulting proteoliposomes were counted with a liquid scintillation spectrometer. The transport activity for the pPT proteoliposomes was determined relative to control liposomes prepared in parallel from translation reactions not programed with mRNA.
Construction of a phylogenetic tree. BLAST searches were done using the NCBI database and the Aramemnon plant membrane protein database (http://aramemnon.botanik.uni-koeln.de/). 13) Multiple sequence alignment was performed by ClustalW, which is available in the MacVector software package (MacVector, Cary, NC). A phylogenetic tree was constructed by the neighbor-joining method with Phylogeny Inference Package (PHYLIP) version 3.6 (http://evolution. genetics.washington.edu/phylip.html).
Results
Cell-free synthesis of phosphate translocator proteins To distinguish the coding region for the mature M. crystallinum pPTs from the N-terminal transit peptide, the amino acid sequences for each of the pPTs was aligned to that for other annotated pPTs, including pea TPT (psTPT) and spinach TPT (SoTPT), for which the processing sites for transit peptides are known. 14) This analysis suggested that the mature protein-coding regions for McTPT1, McPPT1, McGPT1, and McGPT2 begin at amino acid residues 85, 72, 66, and 63 respectively. The PCR fragments, corresponding to the mature regions of the pPTs, were cloned into cell-free expression plasmid pEU3b, and resulting plasmids were used for cell-free synthesis. The molecular masses of the mature pPTs (including the additional initiating methionines) of McTPT1, McPPT1, McGPT1, and McGPT2 were estimated to be 36.1, 35.9, 35.1, and 35.2 kDa respectively. Cell-free synthesis of each of the pPTs was confirmed by SDS-PAGE and autoradiography (Fig. 1A) .
Next we examined the association of synthesized M. crystallinum translocators with liposomes. The four translocators and green fluorescent protein (GFP) were synthesized by cell-free synthesis in the presence of liposomes and [
14 C] Leu. The translation mixtures were then fractionated by Accudenz density gradient ultracentrifugation. By this method, liposomes and any liposome-associated proteins float to the top density gradient solution layer owing to liposome buoyancy in Accudenz. 15) All four translocator membrane proteins were detected mostly in the top layer, whereas GFP, a soluble protein, was detected in the bottom fractions (Fig. 1B) . These results indicate that all M. crystallinum translocators are associated with liposomes.
Time course of phosphate uptake of translocators
32 P] phosphate into proteoliposomes preloaded with different counter-substrates (phosphate, DHAP, 3-PGA, PEP, and G6-P). As shown in Table 1 , the highest transport activities of McTPT1, McPPT1, McGPT1, and McGPT2 were detected in the presence of DHAP, PEP, G6-P, and G6-P respectively. DHAP transport was also observed in McPPT1, and to a lesser extent in McGPT1 and McGPT2. In contrast, PEP was efficiently transported only by McPPT1, while G6-P was transported only by McGPT1 and McGPT2. These findings are consistent with our expectations based on sequence similarities to functionally characterized pPTs of other plants. Although a similar range of substrate specificity was observed between the two GPT isoforms, McGPT2 appeared to be selective for G6-P transport, whereas McGPT1 demonstrated a higher relative activity for DHAP, 3-PGA, and G6-P.
Phylogenetic analysis of the plastidic pPTs in angiosperms
Each of the four isoforms of pPTs in M. crystallinum is well clustered within the corresponding subfamilies of 14 C] Leu. After the synthesis reaction, the reaction mixture was subjected to Accudenz density gradient ultracentrifugation and fractions were collected from the top of the tube. Each of the fractions was subjected to SDS-PAGE and autoradiography. pPTs of higher plants, TPT, PPT, and GPT. 8, 11) To determine whether the subfamilies of pPTs can be classified further into subgroups based on their phylogenetic relationships, we constructed a phylogenetic tree including 66 pPT sequences from 12 eudicotyledonous and three monocotyledonous species. The resulting phylogenetic tree consisted of three well-defined subfamilies, corresponding to TPT, PPT, and GPT (Fig. 3) . We confirmed that each isoform of M. crystallinum (Fig. 3 boxed) was clustered within one of the subfamilies mentioned above. Within the TPT, PPT, and GPT subfamilies, eudicotyledonous and monocotyledo- nous proteins were clustered separately (TPT-M, GPT-D, PPT-M1, etc.). The longer branch lengths observed between PPTs are due to a wider diversity within the PPT subfamily than within the TPT and GPT subfamilies. Additionally, in the PPT subfamily, both monocotyledons and eudicotyledons were further classified into two subgroups (PPT-D1 and PPT-D2 for eudicotyledons, and PPT-M1 and PPT-M2 for monocotyledons). In contrast, GPT eudicotyledons and TPT monocotyledons were classified into a single subfamily.
Discussion
We synthesized four pPTs of M. crystallinum, McTPT1, McPPT1, McGPT1, and McGPT2, using the wheat cell-free system, reconstituted functional pPTs into asolectin-liposomes, and determined the substrate specificity of each pPT in vitro with radio-labeled substrates. The substrate specificities observed for the four pPTs were consistent with predictions based on their sequence similarities to functionally characterized pPTs of other plants. 8, 11) Substrate specificities of the four pPTs and their possible physiological roles in M. crystallinum Unlike the other pPTs described here, McTPT1 is highly expressed irrespective of CAM induction.
11) The reconstituted McTPT1 proteoliposomes transported phosphate in exchange with DHAP and 3-PGA at a relatively high rate (Table 1) . This protein plays the same roles as the TPTs in C 3 plants, 10) as it is involved not only in the export of photosynthates during the light period, but also in the exchange of triose phosphates and 3-PGA as an aspect of the shuttle mechanism to control reducing equivalents in leaves of both the C 3 and the CAM form of M. crystallinum.
The preferred counter-substrate for McPPT1 was PEP (Table 1) . Because the levels of the McPPT1 transcript increase during CAM induction, 8, 11) McPPT1 might contribute to the export of PEP synthesized in the stroma by pyruvate orthophosphate dikinase during the light period into the cytosol. Furthermore, the low but significant expression levels of McPPT1 in the C 3 leaves and roots 11) suggest that this isoform also serves to import PEP from the cytosol. As we have reported for other pPT orthologs, this housekeeping function is necessary to provide PEP as a metabolite for the shikimate pathway. 16, 17) According to the model of CAM-induced chloroplasts during the light period, G6-P generated by gluconeogenesis in the cytosol is imported back into the stroma. 8) Since an accumulation of transcripts of McGPT1 and McGPT2 was observed in CAM-induced M. crystalllinum, 11) it is likely that McGPT1 and McGPT2 are the transporters of G6-P from the cytosol to the stroma for starch synthesis during the light period. In addition, McGPT1 mRNA shows high-level accumulation in the root tissue irrespective of CAM induction, suggesting that McGPT1 also supplies G6-P to the amyloplasts as a substrate for starch synthesis.
11) While both McGPT1 and McGPT2 showed high selectivity for G6-P, their relative selectivity for the other organic compounds tested was different (Table 2 ). McGPT1 transported DHAP and 3-PGA, and the relative specificities for these substrates are similar to previous reports on PsGPT, AtGPT1, and AtGPT2. In contrast, McGPT2 appears to be more specific to G6-P than McGPT1 and GPTs in C 3 plants (Table 2 ). This diversity in substrate Zm GP T2 Bd G PT 2
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Angiosperms. This tree was constructed using amino acid sequences of the available pPTs in the angiosperms. Multiple sequence alignment and the phylogenetic tree construction were performed by ClustalW and the neighbor-joining method respectively. specificity suggests that McGPT2 transports G6-P in the presence of DHAP or 3-PGA more favorably and is better in functioning as a GPT contributing CAM system than McGPT1. Because the expression of McGPT2 is restricted to photosynthetic tissues performing CAM, we propose that McGPT2 functions as the G6-P-specific GPT in the CAM pathway exclusively.
Substrate specificities of the pPTs and their phylogenetic relationships
We confirmed that each of the four pPTs in M. crystallinum belongs to the corresponding subfamily of pPTs, as reported previously. 11) As shown in Fig. 3 , the phylogenetic relationship appears to be associated with preferred counter-substrates for each of the pPTs, but the precise transport activities and selectivities of the substrates cannot be predicted from the phylogenetic relationships. For instance, the substrate specificity of FtTPT is slightly different from that reported for other TPTs (Table 2 ). FtTPT in the C 4 plant Flaveria trinervia has been reported to have higher specificity for 3-PGA and PEP. 18) Likewise, McGPT2 appears to be more specific for G6-P transport than other GPTs (Table 2) , despite the high amino acid sequence similarity between McGPT2 and the other GPTs.
This study demonstrates the utility of a wheat germ based in vitro reconstitution system to clarify substrate specificity for four plant transporters. This method is applicable to the analysis of other types of transporters.
